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(57) Abstract monitoring and predicting maintenance 

* e present invention re.ates to a ^^a^U^^^ ^ T^Tco^ 

^rllsTelecuic ^ L?5f£S S ^^^^1^ Kor U 

from non-intrusive mc^urer^nts^crntnia s ^.ume 'nformanon of ^e ^ ™ desC n ptlon of the motor. The 

computer means coupled " X ™"?*™J£™ rimental modeling algorithm to obtain a ""J"^ " ^ ioua , which is generated by 



manner ouier mai. ..." , and develops a oiagnosis u . , -- 

of quality control testing. 
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MODEL -BASED FAULT DETECTION SYSTEM FOR ELECTRIC MOTORS 
BACKGROUND OF THE INVENTION 

, > • motors More particularly, the present 

maintenance of electric motors. 

■ , „ me wide.y used in indusuHa, equipment and processes where sucn 

^ an — , - r - - — ■ 

lit or as a ,„wer source for power too, used oy 

the Home and office env.ronmenU ^ ^ — 

are usco in appHances ran E .n 6 from computet 

aver ,„creas, g demand from *e ma*e, to ^ ^ 
L5 ^vberalfiUedbythedeslgpaadprodacuonoffaaitfree 

failure of the motor is both 

u „des,rable and costiy. ^ ^ „ „ palr or 

- r£^^~-■~~r ,,-, ■ ^,,,,,, 

^ product tfcontrolover the environment is compromtsed. 
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m „,or< en be repaired or replaced during murine maurienance rather than after 
Mure has oecur.d. ft is a!so desirable to improve reliabiU,, of electnc motors 

l E b improved ,nmi„ oon.ro> moni.oring during manufacture of the e ec r. 

ro „,ors. ft is further desirable ,0 de.ee, motor faufts prior to ca«roph,e fariure 

.hrough performanee monftonng during operation. 

R ecen,ly. faun detention and dragnosis medmds have been developed tha, compare 
, h e output stgnais of contple* systems with me output stgna, obtatned from a 
lelea, mode, „, the faun free The comparison of these ^* - 

„„ an , ifl ed ,n terms of a "residua," whieb is the differ between *e tw stgn,, 
Lysis of me residuais is earried on, ,o determine «he type of ,h= fault Th,s 
incudes statist method, to compare ,he residuais with a database of 
, rcs.duals for systems with known faults. 

unril recen,ly it has been difficult ,0 obtain accurate, real-rime mode.s fo, 

71 mode, of the system is no. accurate, the residuals wi« contam mo.el.ng errors 
20 ,ba, are very difficult to separate from the effect of actual fault, 

A „„,her shot.com.ng of such FDD methods relates ,0 dae difficulty in generaring a 
Z hase for starisnca, tearing - residuals » ciassify fauns. Developtng such a 
da.abase requires a priori informarion about all 
25 possib ,e faults and the effect each such fauft l™ on the residuals. 

Mcordtngly, . period of time is required ,0 month* defective and norma, equipment 
ani , «, develop a da,a base which conuins fault signatures for 
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^ This process is both costly and lime consuming. Also, 
^classification purposes, Hns proces ments 0 f a particular FDD scheme. 
lhe data base must also meet the specfic requ.ren.ents of a part 

the result of vibration, detection and analysis of 
Since, mechanical faults are the result ^ 

, with reproducing the measurements. For examp 

«,„.„,— — "^r- - — • «— 
» — r— - — 

„ „„, u, e likdibood of erroneous indication of failure in a 

sys ,en, rdyin, on — ^ invoWK maly2ing te tunica! vibration 
ollh e condition of .He -noun ftequencies re ,a,ed soidy ,o beanns 

25 -^^-^-^^L.. and rdated barmonics, 
„ ows (and*, any sun, and d ^ ^ 
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.„v to sain the desired information and the 
an( , Reared meats are necessary « gaut * 
^esscfsncnasy^inderecungorpr^ungafani-siess* 

*-^-- ii ' , - -,,,b " 

andhothfafceindicadon ^^"tZan — da*** and 

— rrrr: it— — - 

„ m ay indicate a faull exists. 

SUMMARY OF THE INVENTION 

, ,„ , mode , toed fault detection system and method for 
1S Thepresemmven.ion.eia.esmamode.h^ ^ ^ ^ 

m „„,to„n 6 and predict — - * ^ j( „ ^ t0 

r.tr^^-rit:rr 

s , c n,„cantly less than pr,or ar, maintenance methods. 

^ .stem comprises cornier means conpied ^ 

- — - - — — 

i lmationin— siynrnmn.afanhde^onan 
^anosticalgoritainconiunctionwidtad^nosucohaerver. 
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in varia*, ^ i, P— » "* - ^ c roaln ces of *» 1— 

, hc ro „oc, of .he -nc mo- . ^ ^ ^ opera „ 0 

frcc fauu, usuauy *- *• ^ „„ fc actual inpu. voHage - 

~:r:=:=£ 

ilBend cd operauog ran 6 c or w^o a - ^ fc ^ mcaDS 

a — .csiduaU ^ ^ ^ ^ „^ae 

„ ,„a, appropria.e — — - b = delectim of ft. -pending fault. 

ne caused bv a non-ftmCional «*» rf ^ ^ dctermi „ e s 

the deviation from me 



the 

or tailing component 
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,„ a „„tber embodiment o. *. P— — . . *- * — - 
Jia ,,„, i „ 6 meehanica, fau.ts of fractional horsepower e.cctric motors « 

insens i,ive to environment... opemtional and mounting distonton. 

This embodiment ,s particu,ar,y usefu, m me — of fraction, horsepower 
J «nccia..v in the perfonnai.ee of quality control testmg. Aher 

" » n, develop a base mode, using me entire avai..b,e popo.at.on of motors. ., 
underald that me popoiation ma, contain a nam*, of fau.ty « so 
*' *Z mm , ,„ „«- the mode, by se.eetin g a ,o,erance tbresbo.d and re- 

t :/r:r b :~ r:— . mean, * 

revised base model. I He reviseu u» 

liua ,„v comm. .csting of all subsequent., manufactured motors. 

rritz---: 

25 classify the motor fauH and d.splay diagnostic informat.or, 



IIRIEF DESCRIPTION OF THE DRAWINGS 
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, mb nd,m=nt of the present mvenuon. 

riuurc 6 shows a block uw fc 
,„ a „ e „,bod i men«ot*=pr=-«»^on. 

d8B ^„ now digrams 0 f ft* operaiior. of *e fauU 

• rm-"— — — — 

ol the present invention. 

Ocularly by referee numbars. Fig. 1 shows a 
«M - *• *-* m ° re , P " 7 a, a fraciooai horsepower electric 

sys ,e m coring - «*- ™» nses „,„ „ «. ara,or ,* 

mol „, ^P^ S ° n,,,Bm : 0 "'Xlnn6S «. P*» » coupies shaft 16. 

- -- w r?« »^-^--' ,, ' , "" ,a and 

the load (not shown). Collectors 

avm ature 24 which, in ^ - ng in the m otion of the 

rr-."^^-— """" 
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, „ ., source of power 32. winch may be e,tn ^tifcncuon 
„; HCW , W Pacnard 60,OA. a plurality of sensors 34, * - ? 

spced . „soa„y ^ 25 Mfc— dvoi^andtneioad. 

of motor ,2 ,s detected by ^ „ ^ fitted to 

* • — *- * t r- - — - — • ■ bui,wn 

, 5 „,„pa,er «. Tachometer seaso * * wd „ ^ Muple d to a 

la chome,erdes,gned h* motor .0. The - ^ ^ fcy way „ 

v„Ua 6 e sensor 34. wh,ch ™ * _ , „ respoMe time of 23 

sample, and a corren. sensor 35 preto V . 

20 IM amp ac/dc current probe. «. T ^ ^ ^ ^ „ „ ^ 

MS, ae/de current probe amphf.er). * 42 reports sensor data 

,. on d, l ,opedb y bo a ,d32and,n ! ,«.oeomp U .er42. 

in its memory (not shown). 

which is aiso stored in memory. In th pr ^ 

- - — ' r p ; d oSnu* — - - 
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■a n«l EMT is an experimental 

deling ,ool .ha. genera.es ■» mMSUjemen , s ob.a,„ed from expenmems 
rel— be,wee„ ** - "7^,^^ 
rfes.gned .0 prov.de *— - - * » bandwjdth of lhe sysrem, .he 

m ode S of opera.on. Such mforma*° ^ ^ w eMrcise te 
„ p ,, m a, scan ra.e -* duradon ^ f ^. As is Uowo in - ** 

svs.em ova. .ha =omP'« ^»«" h ° rela— ft. seem .o ft 
expcnmen , lm o d af,o e , S ooe„o« ^ ^ ^ ^ 

^^^conoaauoosofhasea^s. 

b d by a set differential equations 

„. pres on.ed in mattix form- EMT ^ te ^ -HW- 

„ ^.■haUs.-hao^arofu.aavs.am.^P-' emb „ fte 

smlclure isde,ermmed 

„ utp u, uau. The row by row ran* seett* ^ m , y ro „ rank 

— — rs- - — ■ sa,e spa : 

20 -ah is exp.amed more ^ adynamics of the Spaee Shuttle Main Engine, by 
„.ouon of me Opan-U»P ^ ^ December „„, 

^e, Duyar, Vaaf, and ControL. 

VoUn. ] o»rnaUfD,na ml cB^M ereinbyre{eraKe 

,„ , he se , of differemia. aouanons ,s Hno _ ^ ^ sev „ al 

- ... — — ^ is roOT e ftan me number of 

c ,ua„o„s. The number of germed a, 
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==2======= 



paper. 



prescn , ,„ve„«on rehes on d. cone p ^ ^ 

B cncra.ed hy the mode, are compared .0 to M— • 

: 0 . a— — - — > ^ — n L! »:i colparrson. 

_d ,0 develop a men ,nforma„on — r=s , dua , 

_ K[ «^»-«^- B d : Elops forecasls „ 

M , t , mtes an d their .^.^.^.f^c-nc^^iP 
, information vital .0 early d.agnoa.s of .mpeodmg talur 
operation under unknown loads. 

— m ^Mtribed bv the following 
By wi , y of expiation, consider a fault free system desenbed by 

discrete stale space equations: 

20 

s( U+l) = Ax(k) + Bu(k) (1) 
y(k) = C x(k) (2) 

thc nxl state vector, the pxl input vector, and the qxl output 
25 W herc x. u. and y are the nxl state a B, and C are the 

• 1 w denotes discrete time increments, me /v, d, 
v«„r. respectively and k enoKs d ^ ^ 

kn „w„ nommal matnees (parameters) of y ^ 
, „,„., a fractional horsepower elecmc motor, by way 
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,,,,„ I ..,„.,..^.»- :r «::;::r-r: 
'.».,— — - ■ » ~z-^z - — — - * 



„ « » 0 

it « • • 

l.00»0 » 0 " 

„ HMHM) « 0 

„ o 1.0000 0 

0 « 0 

„ o o 



0 

n i.oooo o 
ft 0 i.oooo 

II « 



0 _00010 933676 
0 0.0000 0.0020 
0 .0.1857 -260.2940 
0 -0.0001 -0 0920 
0 0.0258 487.7519 
0 0.0001 1 0220 
0 0.4119 -6363152 
0 -00002 -2-7525 

7>.."oo» • ° S1SI 31S ' 4 " 4 

, o ,.0000 0.0002 1-8204 



0 
0 
0 
0 
0 
0 

0 



eH.namxisofthelorm. 



-2.6188 
0.0012 

0.0092 
-3.5824 
-0.0259 
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1 .0257 
0.0156 
1.0915 
0.0000 



o o o o o o 



form: 

0 1 
0 0 



0 o o 



» — . — • ^ric " rr— - 

f „ ,he current oulput and 0.67% for the speed output 

in .he oarameters and consequently the response of 

, f(u+1) = AfxlXk)+ Bf»f(k) 0) 

yf(k)-Cfx«k) (4) 

. , , „ ro ., ,,„dua, vector. .00, may he defined as the differences 



r(k) = yfW-yW (5) 
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.wesuiual vector r(k) is equal 

• fault are minimized, 
and missed faun a pM T is used 

.-„,»">«> ( 1 ) •m" ^ d0 not provide physic , aus .. e ff e a 

. del 44 are evaluated with the EM sensor 36 

The outputs ot model 4* the voltage sensor 34, the spe 

c . p i ,aro,4M« em roes 1 r^-* ^ free Croons. 1 
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liWy , ta , 0. nonzero value . du ^ ^ ^ rf 

— » b. fanl. ** ^" 3 ^ ^ va , ue exceeds m e threshom . 

. a. b- * ***"*, 52 of the ML B- - '»< 

, s , m „ CM d svs.em 30 ^ ^ » ^ 0 „ „ 42 



lor future reference. 



the eurrent response of .he mow under 
subse,uen,iv spared ,o «. 
,,„„ free condinons co» * m ° de,ed ta te present invention, computer 42 

*«*« and classic mechanton. fa ^ opera „ onal 

meth od of the present invention ma, be u 

environments. 

,, hed by determining changes occumng in the 

I- > elassifcanon . accomphshed ^ ^ ^ by ^ 

, ,—ers o. mow ,0 and assocta g *e ^ ^ ^ ^ 
— P — I:;"!--., motor eapahieof opera,,. 



2 , Ldi/dt + Ri = V + kl W i (6) 



-.. :^r»*r-- 

.ff.cients of the motor, respectively, 
Friction coefficients u 
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. current and the speed. 

hyV . The load 1= denoted hyM. 

... ..nerall? available », measu ' ei 
, m , v Pases * — - ^ M „ £ observe , ,„ sue, — -. 

- < — - - -» - ' ^ 

,„ oU „. inction an, casta' « " ACB ^. B ^W"-*-'-'— • 
percentage ot unknown tault deri^^e equation (7) which will eliminate 

*«- ~-~ ~ y will he patent to one skilled * * * 

, he toad term a consian, load. ^ ^ ^ „ soch 

5 as expressing equauons (6) and (7) 
appropriate matrix operators. 

me chamcal faults may arise from an 
M *»~»<"*~ 1 - * — ^^s collector 
danced rotor , , --"t^'^ and no.se once ntotot ,0 
B. ot pull* 20. These Rec(jgni2ing , ha , mechanical vihranon 

is insulted and operating with load M. 

impltcsaphystcaldtsplacement mcv^on ,„ ^ 16 . ln an electtic 

, „f Ac totot. which in tun. causes the an 
Mechanical faults will ^ fc resistance and the moto, 

--^ratitr^d^uation.. 

constant paramcteis an 



22. 
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„ „ — — - — * " - ~ £S 

m a 8 „e,,c field - * a ™ ^ „ on A e mastic field in 

rr: it - J— - - «- d -~ ,n 

i.-inilcm. 

, « and the standard deviations of fault free parameters 
» « *" - ** LTfor a g Wen vona 6 e V and Inad M. the 

„ sto w„ in Tables . and 2. In * ^ logelh er with 

^"^rHir led^eearrentmeasnrenten, exceeds dte 

20 srrn:-— — — ' aWUs 

indicated. 



Tstd ErToT Ofjthree - 

Estimate For Base Deviation 
Motor 



" Std I Example-Reading 

Indicative of Faulty 
Motor 
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TABLE 1 



J As W U1 be noted, the 



Base Motor 
I'arameters 



1 Deviations Of Base Faulty 
Motor Parameters Parameters 



Motor I 



... (inductance) 

<ti/dt 
H (Resistance) i 
t (friction 
coefficient) <a 
kt (motor 
<>nstant)i 



1.6269 



0.0270 
-33765 pTTTUi: 



1.1632 



TABLE 2 
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— 42,nr r :r.:^X^*— — " 

the monitoring of motor iu, P i~ acq uisit.ori 

, ominues at a rate that may by 

model 44, step 72. It the readual ^ ^ ^ 

,o .he user at step 74. If. hoover, a fault « ndn 
, on ihc display, step 76. 

, ft - ... lo evaluate the fault and provide 
()ncc » «, is de.ee.ed. 30 ^j;^ ^e of ,he P~en, 

^:ZZjZJL-~~-- As shown in 
invention, it is possible to avoid cosuy v ^ ^ ys ^ 

„ ^ ,B. tne agnostic , 0 . Mep 78 and oo.np.es 

Motor Condition Monitor j . conttauously observe .ho parantetnc 

25 variations vv«h reference the P ^ ^ „ „ 

,„ orerate satisfactorily, as an ' D vain 6 subsequent operation of the 

k „own una, one mo.o. , mnmn, free of faul ^ 
mo ,„ the deviation of the ^ ^ te 

ltol compared »i* predc.erm.ned .hreshold vain 
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• deified bv evaluating the 
. The f au lt is classiuea vy 

^ a fau " ."IS-**.*"-— " w,,h * 

^.ersoHhe dia^-c J - ^ forlhMeparm ,e«rs. 
***** Wr0Pr ' a,e 

, , h is possible 10 develop a model to. 
, ,„ fc m a n u<aoP« o. olectnc motors, « ^ P° ^ ^ ^ lhe 

0,1—^^0- .0 sfcppir* « *" 

p.,, * mMu,ac njtn, g o^. — — *-* Momior 

(M QM), utilizing this memo 

t , t the electric motor, display the test 
„ Bas, — oftheMOM J " f * 

ascribed belo* h, more detan) 
mem ory for archival purposes. 

me nt to identify fault free motors, 

developed. 

.u„,t i< depicted in Figures 8A-»f 

a _ — — ° f — - * - 

„ ,- he MOM me.hod «—*— ^ rf hoIS epo- 

" 5 ,„„,„, model aad ,2, o„ B o m8 ftom . m e„a preyed on .ne 

a—. — ^ prefered „**-. 
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. nf the following three options. "Base Motor 
-. . . steD 9 o the "Base Motor Model Development" 
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TABLE 3 



zzrszzzz: 1 

data file. 

. from a wonp of motors known .0 include mostly 
,, uK tre e motors, step %• >" one p*-* - ^ _ molor 

^o^f^-^-'^^^^^upofmo-^ 

, ^ ;-:r:rr«, — - - - — 

centum fault free motors as well as 

;„c«c;c„c te o f . em an«»nd BS un^- ^ ^ ^ 

,„,eshold errors, steps 102-104. 

, , m „del deeped from the group, each of the motes in 
„ s m g the base motor model deve p ^ ^ mlemtce 

25 „,»es obtained mam * ^ flom the outputs of the 

„ utpul s of one of *e motors m * ^ ^ ^ mMor ta 

^mental mode, b, more . »- ^ ^ ^ &olty ^ 

renM ved from the .roup and the dau ffle ^ ^ 

Further refinement of the base m 



steps 108 -112- 
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, data fa .he subset of motors remaining in the group. Alter 

, m , having outputs ou,s,de of toierancc vaiues so, by the 
ahminaung all motors havtng ' refme experimental mode, by 

' * ^ TII^I, nations of me group, step U< 

evaluating modehng errors, * , «- ^ ^ ^ 
,„„„ , he ^oup contains only those «» ^ 

— '^"'rT^t ItLes of fnu„ free motora 

- — : . - — — > — - " 

rrr- "Ji — - - — * - — 42 ^ ( - 

1 reference, step U6. 

,„ m „de, already axis*. «* P™« ~» <* s 1 ""™" * 

" T let e lto mode, into active memory of eomputer 42 and the 

-* K> °T*Z17J* Base Motor Mode," optton and men begin performing 
—vaeleetme Seecta y be preseMrf t0 ^ user. By 

5 "* TITlI 1,0, - may correspond to a umversn, shaded pole 

WHV „, example. Ore hase mo, ^ 

— — • ~ r-PpropHa-e base mo.or mode, for ,he 
,„„,„, Referring agmn to Ftgure 8A, PP 

,„,„ i, .oaded into computer memory ,f the Select B 
m °"" S ' eiected or if me "Qualny Assurance TesT op,ion is se,ec,ed, the 

rrr..— 

detection and fault classification thresholds, step 126-128. 
^ ngure 8 B sho»s the measurement ^^^^ 
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— — -r i::zz:rj^: 

defined as having a fault. 

mnriel is selected, the user inputs the necessary 

summarized in Table 4. 
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AND/OR OPTIONS 

Enter Scan Rale Sampling frequency of 500Hz 

data acquisition 

Er .,e, Sen Time Duration of data 0.5 sec 

acquisition 

Enter Tolerance Multiplier Adjustment factor. 3x 

l»r |-aull Detection multiplies 

standard deviations to 
obtain threshold variable 
lor fault limit 
P.mcr Tolerance Multiplier Adjustment factor: 
for I'milt Classification multiplies standard 
deviations to obtain 
ihreshold variable for fault 
classification ^ 



TABLE 4 



When runninf the "Ouali.y Assume TesT *■ " 
Action and ciassifleauon Hunts acting . the seiected motor type and the 
appropriate tolerance ntuhipUe*. The algorta mitia.es the data ac q u.s,.,on to 
acquire reai-tim. vo.,a P e. S[ «ed and current from the motor under test, step 
, M These signals are digitized using previously entered scan r„e and seen ..me 
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,„ mm crciato ~il.blcm.cr products, »ep 140. 
,« and As.nd.ca.e- , sup ^ compared « «, 

■ ^r^~--^-'- , *-- ,, ' ,,a ' 

'message is displayed or otherwise recorded, step 150. 

When .he mo.or is de.ec.ed as ^hc diagnostic 

5 ,,, t ,,c,cda,s.cp. 5 4.c,ss,,ca,,no^« s dcrivcd 

dd in a similar manner as desenbed *. ^ ^ 

a , ulluo „ s W and m describing eiecu, mo- are ^ 

the memory of computer 42. 

, H the Physical parameters of the faulty motor are 
With the motor fault detected, the phystca p corresponding 
u mom alcorithm and compared ai 

u threshold values, the motor status is 

lf „ K radons of residua, are above » rf ^ 
ossified •FAULTFOUND-nras.n.daxsucb phrase 



pcrmwi/oooos 



41 Once identified, the physical P>™ me "= rs o1 ' *= 
,, u|ly m0 , 0( « evaluated, ft* valuK 

- *" 2 m o,o„ the »*< - * 

(SK Table 4, F« a onrversa, **** ^ mo „ — as se, to* * 
„„. resrstance and *— ««-- „ compared 

»--» ^ncr— — — : 

BALANCE". 

rf the faulty motor exceeds the fault classif.cat.on 

,5 „ r^r^^* 

d; , ss m«ion threshold values, the decrsron ,s delayed 

II" more than onelhrcsnoi 
20 are displayed. 

, m are iess .nan the corresponding threshold value, 
™^«*TZ££mr on ihe informative par, of the 
„, e to ,s,on is ^^^ulative effect of chan 6 es in each parameter 
disp ,„v. This ma, occur doe . may have mu ,„p,e. bu. 

» onh— ofthennoto, mode , 00>pms l0 exceed the threshold 

sm all, faults whrch may - R „ ^ „ „ e Men 

faults. 
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• a fnr ,«e in electric motor repair shops to 

,„,„„ ^ for several electrre -« ^ selects te 

, teS e motor model ofthe motor betr*.^ 
diagnostic 

, „ be used for condition monitoring and predicttve 

,„ j.iuornlim replays 

, oncl ,nonmon«toring applications. 

• the MOM and MCM algorithms arc 

,.. .-.--—-••»• — 

current already exist. 

. h ,he MOM algorithm are very similar but 
,„ concluston. the MCM algorithm ^ * ^ ^ „. syatm 
ac „ differ from me other in two aspect. ^ ^ ^ ^ „ f condilion 

2 „ aoes no, develop a base motor ^ „ mOTilon „ 8 a S ,n 6 le moror. For 

-ere the system,* ^ , he custorolK d mode! of the 
, his reason *= MCM memod — . is developed when ,. is Known that 
,„„,„, be,n E monitored. The custom^ -« . ^ ^ „ . 

25 tase mode, that encompasses ta. „ nB molor ,„ pass the 

Ration. Accord!,* « . F-* » * ^ — d e 8 rada,,on 



will jio un 
motor. 
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,„, , c „„d difference ,ha, anses between the two algortthms is that ,h. MCM ,s 
„cccssan,v eonstratned "V opemriond requirements. For example, the input signal 
.,„ p „ ed ,„ the motor is dependent on the requirement opposed by the apphcatton. 
One n,ny appreciate that the input applied to model 44 ma, no, be as "rich" of an 
, i„p,„ stgnal as cou.d be applied dunng MQM «sdn 6 . Further, under MCM testing, 
, hc acual load applied ,o the motor is unknot and may vary daring .be penod . 
which measurements are oburned from sensor 34-38. Under these circumstances. 
„„|v ,ha, portion of the model unaffeeted by the toad is modeled. As an example, 
,„,„ equation (6, will be used to model the eurrent signal using measured vortage 
,„ „„„ SP oed input stgnals to obtain resorts using to dtagnostio observer, to alternate 
,„boqimcnts. techmques. such as tofcngthe dertvarive of e q ua,io„ (7) tn the ease of 
„ constant load, may be employed ,0 eliminate the unXnown load term. In such 
crimen*, equation (6) and the derivative of equanon (7, may be comhmed 
chance the results obtained by the diagnostic observe,. 

' 5 WHile certain exemplary preferred embodtments have been described and shown in 
„, accompanying drawings, i, is to be understood that such embod.ments are 
™,ely illustrative of and not restrictive on the broad tavern™. 

■ further, ,. is to be understood tha, this invention shaH no, be limited to the specific 
^ruction and arrangements shown and describee, since various mod,f,ca„„ns or 
c„a„ S es may occur to those of ordtnary sklU ,« the an without departmg from 
spirit and scope of the invenrion as claimed. 
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CLAIMS 



• • „ the operational condition of a motor 

■„. selected operating parameters; and 

t deJonin g, -* — " 

.^ong in a ft* *« ■ " * res , dual toi ved »y -* 

icve. - « - * j— ^ somm ,ng *. 

prollucK and A. — - . H-W devlte f0I sparing - - 

,„ cml)ry each of «d Pi— » ° f Wita „ ve of wh e,he, sa,d m o»r - 

,„ spl ., y ,„ 6 on *a,d dispta, devce a ^ ^ rf resWuals 1S 

„^,ing node, tree «— » ^ „ „ perati „ B ^ tap-*. 

ton-*.*"**"*— "^1 
«v»ptc at least one of said 

ssss- 

votoge. to o«po« onnen, and sp 
..^rs.ea^-anaios.ans.rs. 

crating parameters are measured with 
Ttesy s l e m ofcia, m 2^e I nsa,dopera,,ngP 



3 

analog sensors. 



PCT/TR97/0OO08 



, _ „r d*. > -herein »d svsten, funhcr compr.se, *» acq"-™ 

senate .0 diBteJ n=P**"<«»» °< said aV ^ 
, :, . The sys.cn, of «i™ ^ wherein said mo.or is an eiecmc mo.or. 

„. m . syslem of ciaim 2 w h ere,n said — is "«* 

motor. 

, A me.hod far to npera,io„ of an M — » 

lailurc ni said motor comprising the steps of: 

( 5 nf -'sensors: 

iipplyi „ t sa.d measured * " ** » ^ * fcCieU "" me 

20 state equation; 

model by calculating a residual; 
a detected fault; 

• - a -hanues to a mechantcat fault in the event said motor ts operating 
correlating said changes to a mecn nreve nt 
„,m a dereced faul. ana communicant .he «*,s,e„ce of sa,d fau>, >o proven 
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-:x,:ir saiddevd " p ' n6a 



interval. 



• j mfttor ; s a fractional horsepower electric 
9 . Tl.emethodofclahnTwhemnsa.d.notor.safra 



motor. 



l5 ihe following equations: 

where kl is a motor constant. 

25 parameter: 
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ili/iU parameter: and 

^ .-■-«.«*--~- -, * L " ,,d 

suitll w parameters. 

^seconds and 1000 milliseconds. 

■a nnmtine parameters are sampled at a 
,„ sampli „ Bft e^c y o, b e,we C „500H,»ndmH, 

,„„^ — — — —— — — 

wjnsinnt invariants; 

x(k+1) =Ax(k) + Bu(k) 
y(k) = C x(k) 



„ repeating the measure and multiplying steps; 

x ir>+i)-Afxf(k) + Bfuf(k) 
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yf(k) = Cfx(k) 

llie d lfft ,en« exceeds a sCectcdteshCd. 



selecting a 



an d„,„,or constat and ^ ^ „, ,2 12*. 

„ ,„ TO »ri W each prodoa. ... <W*. ' 

^^oneof^se^d^dva^ 

said comparing steps. 

anufacturing quality of a group of motors and for 

comprising the steps of: 

— »— **■ 

— ** — — — — 

:::iUve*e f o^ 8 ^-^-— ■ 

x(k+ l) = Ax(k) + Bu(k) 
y(k) = C x(k) 
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...oerimcrtal model of said motors on a computer means, said model 

group model; 

motor under .est exceeds the threshold hm.t; 

t a :r—- — - - — — - - — — - 

, „ The method arc,.™ .7 "herein said testing step comprise 

,» nd!D eed of said motors with a plurality of sensors, 
5 measuring voltage, current and speed of sa, ^ ^ 

multiplying the measured voltage, current and speed 
selected invariants; 

calculating the result of the discrete state space equations: 

xf(k -M) = Afxf(k) + Bfuf(k) 
yf(k) = Cfx(k) 
comparing the differences between y(k) and yf (k). 



25 



19 



• n « method of Cairn .7, where . plummy of motors different from said .roup 
ZZ ^ tested agatns, said experimental model, further compns,„ g the 



steps of: 
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, .need for each of said plurality of motors: 
mC asunn, said voUa,c.cu^t and speed for 

an a »s to solve said discrete state 

— p^^'" 8 s,8rals '° 

space equation; 

, _ — - S: -- — 

tether said moio- is -P="»»6 wnhout 
^.^on.id^so.^^ 

,„ a detected fault. 

,„™»cipat«d ■»<*>' f»« urc - 

„ „ of chim » C0 " CU,m6 COmPriSeS ' 

31 The method ol claim ^ 

"" cvalu .hng the following equations 

, d Wdt + f-=k2i2 + M 
wteekl and U are motor constants. 

comprising'- 

«f fault free motors 
, . ^^centinE a mean of iaun n<= 
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K(k+1V , A x(kUBu(k)andy(k) = Cx(k) 
, ^BndCreprcsentpa^etersofsaidsyste^odeUand means for 
where the A. B and «- rep k orameters 0 f said motors with comparing 

( « system faults by measuring parameters 

with said system model. 

, i im2 2 wherein said deurmining means emprises computer 
— to ™' 8 2 ° 'ling each of said motors with the equations 

, i, lfal ,ve o. whether each sat [epres e„ to g each of sa,d 

- - — "JlZ^svL mode, is - - a seieeted 

- - *- efluauo " ; o - — . - ~ -* — 

, hresWd tCerartce or w ether each o ^ ^ rf 

in the ease where the d.fference between , 
„ «, motor and the equations representing satd system mode, 



tolerance. 



n^^^telaim^whereinsaidmo^arefraehona, horsepower electrtc 



motors. 



25 
s.iid 



, l nf motors of- a common motor type where 

z-:r,-::::.t---— 



selected invariants; 

gating and retaimng, he resuh of the terete state space equate 
x(k+1) = A x(k) + Bu(k) 
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y( k) = CxOO 
f(k) = C.lx(k) 

-•--rrr-.--^ — — — 

repeating said repealing. 

exceeds a selected threshold, 
difference exceeds 

arising ^en said sequence of steps 

resuhS in a difference that exceeds 

— — — . 

equations 

L di/dt + Ri = v+klwl 

..~,,-.n»nne StepS- 



20 

comparing steps. 



comparing steps, 
(he steps of. 



25 the steps of 

indicating 
parameter. 
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parameter; and 

r said L di/dt and said f w 

parameters. 
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FIGURE 6 
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r ^ Model 



c 



Cla ssify Faults 
EndlBcpeat Program, 



FIGURE 7B 
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FIGURE 3A 
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Enter Scan Tunc 



Enter Scan Kate 
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1 . ■ 
Start Data- Acquisition For „ , _ 

Current, Voltage and Speed j/ 
Measurements 



Store Measured Current, Voltage 
and Speed Data 



Read Stored Data 



Preprocess Data For 
Noise Reduction 
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Get Base Motor Model 



FIGURE 3B 
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FIGURE 8C 
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FIGURE 8F 
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